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Classical ab T cells protect the host by monitoring intracellular and extracellular proteins in a two-step
process. The first step is protein degradation and combination with a major histocompatibility complex
(MHC) molecule, leading to surface expression of this amalgam (antigen processing). The second step is
the interaction of the T cell receptor with theMHC-peptide complex, leading to signaling in the T cells (antigen
recognition). The context for this interaction is a T cell–antigen presenting cell junction, known as an immu-
nological synapse if symmetric and stable and as a kinapse if asymmetric and mobile. The physiological
recognition of a ligand takes placemost efficiently in the F-actin-rich lamellipodium and is F-actin dependent
in stages of formation and triggering and myosin II dependent for signal amplification. This review discusses
how these concepts emerged from early studies on adhesion, signaling, and cell biology of T cells.Introduction
The adaptive immune system is a sensory organ that monitors our
inner spaces for evidence of infection or cancer, regulates steady-
state microbiota, and avoids self injury (Krogsgaard and Davis,
2005). The primary filter for this sensor is the dendritic cell (DC),
which samples tissue spaces and interfaces for novel macromo-
lecular information (Steinman et al., 2003). DCs respond to tissue
injury and detect conserved microbial structures, leading to
changes in DC signals to T lymphocytes (T cells), to shape an
appropriate response (Trombetta and Mellman, 2005; West et al.,
2004). The largest part of the information is in the form of proteins
brokendown intopeptides that formcomplexeswithsurfacemole-
cules of the major histocompatibility complex (MHC-peptide
complexes), allowing DCs to share this information with T cells ex-
pressing theTcell antigenreceptors (TCRs).An individualhasa few
hundred T cells that can detect any foreignMHC-peptide complex
with single-molecule sensitivity (Irvine et al., 2002; Sykulev et al.,
1996). This sensitivity evolved by necessity, because although
theDCmayexpressup toamillionMHCmolecules, it alsosamples
thousands of proteins, most of which are self-proteins (Trombetta
andMellman, 2005). Thus, each T cell that contacts a DC needs to
sort through this huge complexity of ligands and then focus on
a fewtensorhundredsof ligands thatbind theTCRwithheightened
avidity. This ultrasensitive process is still poorly understood, but
clues are being discovered at an accelerating rate, such that some
critical answers are on the horizon. In the 1980s, it was shown that
antigen recognition and actin-dependent adhesion were inte-
grated processes (Dustin and Springer, 1989); in the 1990s, it was
discovered that theactin-rich lamellipodiumwasthemostsensitive
partof thesesensitivecells (Valitutti etal., 1995a);and in thepresent
decade, we and others have begun to examine single-molecule
dynamics of TCR signaling complexes (Douglass and Vale,
2005).This reviewwill describe thecellularcontextofTCRsignaling
reactions, which include an important niche based on F-actin-rich
lamellipodia that can be elaborated in motile and arrested cells.
Adhesion and Antigen Recognition Are Integrated
by F-Actin-Dependent Mechanisms
The TCR and adhesionmoleculeswere identified by antibodies in
the same burst of activity that aimed to discover the receptors482 Immunity 30, April 17, 2009 ª2009 Elsevier Inc.involved in lymphocyte function by screening for inhibitors (San-
chez-Madrid et al., 1982; White et al., 1983). The last piece of the
molecular puzzle, the structure of anMHC-peptide complex, was
determined in 1987 (Bjorkman et al., 1987). This structure clarified
the highly competitive nature of binding short peptides to the
MHC molecule in a relatively stable manner (Babbitt et al.,
1985). Thus, each TCR is locked into recognizing a small number
of antigenic structures, andeachMHCmolecule presents a single
peptide. DCs use a limited number of any single MHC-peptide
ligand to search through a vast repertoire of T cells. Thus, power-
ful mechanisms are needed for coordination of the search and
response. Early work on the T cell signaling response to TCR-
MHC-peptide interactions revealed rapid elevation of protein
kinase C activation and cytoplasmic Ca2+ downstream of a tyro-
sine kinase cascade (Samelson et al., 1986). Parallel studies on
the adhesion molecule LFA-1 demonstrated that it was regulated
by an F-actin- and energy-dependent mechanism that could be
activated by phorbol esters (Marlin and Springer, 1987). LFA-1
was found tomediate adhesion by binding to a family of adhesion
molecules, including ICAM-1, whose expression reflects the
innate immune activation of tissues (Dustin et al., 1986). Resting
T cells are nonadhesive to ICAM-1-coated surfaces when freshly
isolated from peripheral blood, but they become more adhesive
to ICAM-1 after triggering of TCR signaling (Dustin and Springer,
1989). The time course of adhesion activation closely followed
the time course of TCR signaling: a process of ‘‘inside-out
signaling’’ (Dustin and Springer, 1989). In the case of LFA-1,
a candidate molecular mechanism for this activation was binding
of talin to the cytoplasmic domain of LFA-1 (Smith et al., 2005).
Talin is recruited to sites of LFA-1 interaction with ligands on
antigen-presenting cells (APCs), and this is a more sensitive
process with respect to antigen dose than cytokine production
or proliferation (Kupfer and Singer, 1989). The parallel field
studying lymphocyte trafficking revealed that LFA-1 can also be
acutely activated by G protein-coupled receptors that are asso-
ciated with leukocyte homing (Lawrence and Springer, 1991).
Thus, LFA-1 regulation is a cornerstone in both the body-wide
navigation of lymphocytes through vascular interaction and the
coordination of antigen recognition and strong, transient adhe-
sion leading to the immunological synapse in tissues.
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signaling from TCR to LFA-1. The adaptor molecule ADAP and
its partner SKAP-55 have been shown to contribute to about
half of TCR-triggered adhesion (Peterson et al., 2001). This
process is integrated with F-actin at the level of the TCR signal,
as discussed below, as well as directly through the interactions
of ADAP through Ena-VASP family members, which are involved
directly in actin polymerization and contribute to regulation of
Arp2/3 (Krause et al., 2000). SKAP-55 forms a complex with
RIAM(Menascheetal., 2007),whichbinds toactiveRap-1, a small
Gprotein, related toRas, that is required for regulationof adhesion
in lymphocytes. Activation of Rap-1 downstream of tyrosine
kinase cascades requires a guanine nucleotide exchange factor
(GEF) called C3G. TCR signaling activates C3G by a cascade
involving Vav, a GEF for Rac (Krawczyk et al., 2002). Recent
evidence suggests that Rac activates theWAVE2 complex,which
activates Abl and CrkL-C3G to increase active Rap1 (Nolz et al.,
2008). The Rap-1-RIAM complex then contributes to activation
of talin, which directly binds to the b2 cytoplasmic domain in the
critical hinge region to activate and cluster LFA-1 (Smith et al.,
2005; Tadokoro et al., 2003; Wegener et al., 2007). This pathway
accounts for the strong correlation of LFA-1-dependent cell-cell
adhesion and talin accumulation at the interface.
Another connection to F-actin is observed in the APC. DC-
mediated antigen presentation is an active process that requires
small G proteins of the Rac family and intact F-actin (Al-Alwan
et al., 2003; Benvenuti et al., 2004). This may be due in part to
the interaction if ICAM-1 with the actin cytoskeleton and in part
to ERM family members.
The Immunological Synapse
Norcross first discussed the idea of an immunological synapse,
the main ‘‘synapse-like’’ features being a role for Ca2+ elevation,
adhesion, and directed secretion and polarity (Norcross, 1984).
In addition to above mentioned studies on adhesion, there are
a handful of studies performed in the 1980s and ’90s that provide
quantitative data on cytoskeletal organization, secretory-appa-
ratus polarization, and Ca2+ signaling in T cell conjugates with
B cells (e.g., Geiger et al., 1982; Kupfer et al., 1986; Poenie
et al., 1987). The classical picture is of cell pairs with a T cell
stably appended onto the often-larger target cells like an apse
on a building—which is the origin of the term synapse. In one
study, a distinct annular adhesive domain and central secretory
domains were resolved by electron microscopy (Schmidt et al.,
1988), foreshadowing the later work by Kupfer.
The molecular organization of these interfaces was not re-
vealed until advances in imaging during the 1990s led to the defi-
nition of discrete localization of TCR and LFA-1 and a more
specific definition of immunological synapse was proposed
(Dustin et al., 1998). In 1990, Springer proposed that LFA-1
and TCR would be segregated in adhesive interfaces because
they are different sizes; it would be impossible for TCR to reach
theMHC in a adhesive interface mediated by LFA-1 and similarly
difficult for LFA-1 to squeeze into an interface defined by the
smaller CD2-CD58 adhesion system, which would be ideal for
the TCR (Springer, 1990). Springer further proposed that exclu-
sion of large phosphatases, such as CD45, might be important
for tyrosine phosphorylation downstream of the tyrosine kinase
cascade. This concept has been refined and tested and seemslikely to be an important part of the signaling niche for the TCR
(Choudhuri and van der Merwe, 2007; Varma et al., 2006).
Springer didn’t speculate on the scale over which this segrega-
tion process would take place. The initial answers to this ques-
tion were surprising. Kupfer examined fixed T cell-B cell conju-
gates and revealed a large central TCR cluster that was also
rich in PKC-q, defined as the central supramolecular activation
cluster (cSMAC) (Monks et al., 1998) (Table 1). As we will discuss
below, cSMAC has subsequently been resolved into two distinct
comparments: an inner cSMAC, with a concentration of inactive
TCR (Table 1, cSMACa), and an outer cSMAC, dominated by
CD28 and PKC-q (Table 1, cSMACb). A ring of LFA-1-ICAM-1
interactions and talin surrounds this central cluster, defined as
the peripheral supramolecular activation cluster (pSMAC). Each
of these areas contained thousands of molecules in what was
apparently a large, noncovalent functional network—a supramo-
lecular assembly. Kupfer later defined the distal supramolecular
activation cluster (dSMAC) as the outermost structure, enriched
in CD45, although this will be discussed further below. The distal
pole complex was described by Burkhardt andmay be important
for sequestering specific negative regulators, such as SHP-1
(Cullinan et al., 2002). TCR microclusters will be discussed at
length. Table 1 outlines the compartments associated with
stable, antigen-specific T cell-B cell conjugates.
Parallel studies with supported planar bilayers presenting
adhesion molecules revealed similar phenomena, in which
a single adhesion system would establish a cooperative supa-
molecular cluster and mixed systems would segregate into
spatially discrete SMACs. We examined the organization of the
CD2-CD58 and LFA-1-ICAM-1 interactions in contacts in Jurkat
T cells on planar bilayers containing ICAM-1 and CD58 (Dustin
et al., 1998). We proposed that the ‘‘specialized junction, cell
polarization, and positional stability’’ of the symmetric contacts
were similar to a neural synapse and proposed that stable
T-APC interfaces should be defined as ‘‘immunological
synapses.’’ A planar-bilayer-based system using MHC-peptide
complexes and LFA-1 fully recapitulated Kupfer’s findings and
provided insight into the dynamics of these structures, which
were not formed en bloc, but evolved from very distinct early
intermediates by an F-actin-dependent transport process (Gra-
koui et al., 1999) (Figure 1). The immunological synapse has an
axis of radial symmetry, its center at the cSMAC (Figure 1). At
Table 1. Components of the Immunological Synapse
SMAC T Cell APC
Central (cSMAC)aa TCR (variable), LBPAb MHC-peptide
(variable)
Central (cSMAC)ba PKC-q, CD28 CD80
Peripheral (pSMAC) LFA-1, CD2, Talin, F-actin ICAM-1,
CD48/CD58
Distal (dSMAC) CD45?, CD4?, F-actin ?
Distal Pole Complex CD43, moesin, SHP-1, PKCz N.A.
TCR microclusters TCR, Lck, ZAP-70,
SLP-76, LAT, Grb2.
MHC-peptide(s)
a ‘‘a’’ and ‘‘b’’ refer to inner and outer cSMAC regions that are described in
the text.
b Lysobisphosphatidic acid (LBPA) is a marker of multivesicular body
formation.Immunity 30, April 17, 2009 ª2009 Elsevier Inc. 483
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polarity along the lengthof this axiswith aproximal anddistal pole
relative to the APC, containing distinct molecules (Figure 1). The
function of the immunological synapse pattern is most trans-
parent for cytotoxic T cells, where the F-actin-free cSMACserves
as a secretory domain and the pSMAC serves as a retaining wall
(Beal et al., 2008; Stinchcombe et al., 2006). The importance of
directed secretion is supported by studies with human patients
with deficiencies in granule transport to the synapse that lead
to defects in killing (Baetz et al., 1995). Stabilization of thepSMAC
of CD4+ cytotoxic T lymphocyte with a PKC-q inhibitor quantified
increasedkilling, the first evidenceof for anadvantageof an intact
pSMAC (Beal et al., 2008). Structures similar to pSMACs also
form between T cells in homotypic aggregates and are important
for intensification of cytokine signals during T cell expansion
(Sabatos et al., 2008). The symmetric immunological synapse
may serve equally important functions in tolerance induction,
priming, and differentiation, as discussed below.
The Importance of Lamellipodia in T Cell
Sensitivity—Kinapses
Between chemokine-dependent extravasation and MHC-
peptide-dependent immunological synapse formation, T cells
Figure 1. Synapses Versus Kinases
Schematic ofmultilayer actin cytoskeleton in theperiphery of the immunological
synapse. Based on (Giannone et al., 2007). Centripetal action flow is involved in
antigen gathering. When this system is symmetric, the cell forms a stable
synapse.When it is asymmetric, the cell gains net traction and crawls, using the
same machinery. The cSMAC is similar to the uropod of a migrating cell, in that
theamounts of F-actinare relatively lowand integrinsaredisengaged, butother-
wise these structures are very different, and this is oneof themost striking differ-
ences between the synapse and kinapse modes of signal integration.484 Immunity 30, April 17, 2009 ª2009 Elsevier Inc.rapidly migrate in DC networks of T cell zones (Bajenoff et al.,
2006). Rapid migration by T cells can be fully reconstituted
with solid phase CCL21, a CCR7 ligand, in vitro (Woolf et al.,
2007). This involved polarization and formation of a leading
edge that takes the form of a flattened lamellipodium on
CCL21- and ICAM-1-coated surfaces (Huang and M.L.D.,
unpublished data). LFA-1 is not required for mobility in T cell
zones (Woolf et al., 2007), but LFA-1 increases sensitivity to
MHC-peptide complexes up to 100-fold (Bachmann et al.,
1997), and ICAM-1 is required for antigen-specific arrest
in vivo (Scholer et al., 2008). The lamellipodium is a sensory
structure and has been shown to be the most sensitive part of a
T cell by 40-fold in elegant studies with laser traps and anti-
CD3-coated beads (Negulescu et al., 1996; Wei et al., 1999).
Valitutti has also described the probing behavior of lymphocytes
undergoing sustained signaling on APCs (Valitutti et al., 1995a).
Another important experiment is the demonstration that TCR
signaling is continually being renewed by new TCR-MHC-
peptide interactions, such that blocking the access to new
MHC-peptide ligands with MHC antibodies immediately blocks
signaling (Valitutti et al., 1995a).
Lamellipodia are coordinated by small G-proteins, including
Rac-1, which activates the WAVE2 complexes, leading to
dynamic actin in the periphery of nascent immunological
synapses (Nolz et al., 2006). HS-1, a lymphocyte-specific cor-
tactin, is important for forming lamellipodia (Gomez et al.,
2006). EVL, a hematopoietic cell member of the ENA-VASP
family, is found at the tips of projections touching the APC (Lam-
brechts et al., 2000). Activation of these systems is not antigen
specific, and similar structures are induced during non-
antigen-specific engagement of adhesion molecules, such as
LFA-1 by ICAM-1 (Smith et al., 2003) and CD2 by CD58 (or
CD48 in the mouse) (Kaizuka et al., 2009). In response to TCR
signals, the SLP-76 signaling module recruits and activates
Vav, an exchange factor for Rac and Cdc42. Rac then activates
WAVE2 and Cdc42 activates Wiskott-Aldrich Syndrome Protein
(WASP). BothWAVE2 andWASP activate the Arp2/3 complex to
generate branched actin networks. WAVE2 is associated with
lamellipodial actin (Nolz et al., 2006), whereas WASP is associ-
ated with ventral projections such as podosomes and invadipo-
dia (Carman et al., 2007). Behind the lamellipodium is the lamella,
which has also been referred to as a focal zone in migrating
T cells (Smith et al., 2005). These zones are rich in adhesion sites
and integrin binding adaptor talin, which is also a marker of the
pSMAC. T cells may arrest migration and form a stable synapse,
or alternatively, they may continue to migrate and integrate
signals on the move. This rapid migration during antigen recog-
nition contrasts with the stable synapse and has different func-
tional consequences.
Rapid migration during antigen recognition is observed in
T cell-DC interactions in vitro and in early stages of T cell inter-
action with low dose agonist stimuli (Henrickson et al., 2008)
and low-potency TCR stimuli (Skokos et al., 2007) in vivo. There
are at least two explanations for these mobile junctions, or ‘‘kin-
apses’’ (Dustin, 2008). Certain chemokinetic signals, such as
CCL21 signals, can compete with antigen stop signals (Bromley
et al., 2000). The ability of T cells to migrate for some period,
followed by arrest, may relate to signaling thresholds or time-
dependent downregulation of CCR7. This gives the T cells
Immunity
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a few DCs with high amounts of MHC-peptide can stop T cells,
whereas many DCs with few antigens can sustain signaling until
the T cell resets its sensitivity and can arrest (Henrickson et al.,
2008). Weaker MHC-peptides never overcome the chemokinetic
signals and continually migrate in DC networks (Skokos et al.,
2007). T cells encountering these weaker ligands cannot arrest
in the steady state and integrate signals only through kinapses.
This mode of signal integration is sufficient to induce an alterna-
tive mode of tolerance induction when the antigen is presented
on many DCs through scavenger receptor DEC-205. The failure
of some weaker self-antigens to stop T cells may contribute the
failure of tolerance induction and the development of autoimm-
uity (Zehn and Bevan, 2006). In autoimmunity, the combination
of strong innate signals and weak TCR signals can lead to robust
responses, although there are differences in the kinetics of T cell
release from lymph nodes and fitness of the cells that may limit
memory (Zehn andBevan, 2006). Thus, amigrating T cell sensing
MHC-peptide complexes at its leading edge can integrate
signals and make decisions about tolerance to abundant anti-
gens, but not to rare self-antigens.
Building a Dynamic Synapse
Howdo T cells form a synapse? T cells stopped byMHC-peptide
complexes remained highly dynamic, with prominent cycles of
extension and retraction around a pivot point (Dustin et al.,
1997; Valitutti et al., 1995a). Studies on planar bilayers reveal
what appears to be a sequential spreading, receptor-engage-
ment, and contraction process that forms the cSMAC over
a period of 5 min and is F-actin dependent (Grakoui et al.,
1999). These results also led to speculation that myosin II-based
contraction might also be involved, because of the substantial
decreases in contact size and the speed of receptor-cluster
movement (Dustin and Cooper, 2000; Grakoui et al., 1999).
Similar results were obtained in live cell-cell systems in which
TCR in small clusters moved to the center to form the cSMAC
(Krummel et al., 2000). However, these authors eventually re-
jected the hypothesis that myosin II is required for this contrac-
tion and transport process, because knockdown of myosin IIA
did not appear to eliminate the ability to form a synapse with
an APC (Jacobelli et al., 2004). More recent studies in the
planar-bilayer model actually supported the hypothesis that
myosin IIA is important for microcluster transport and signal
amplification in that system and for signal amplification in cell-
cell models (Ilani et al., 2009). It is possible that there are alterna-
tive mechanisms for the formation of a cSMAC in cell-cell
systems that involve directed vesicular transport, which would
be myosin II independent (Das et al., 2004). Nonetheless, the
extension of an APC-embracing lamellipodium is observed in
cell-cell systems (Anto´n et al., 2002; Tskvitaria-Fuller et al.,
2003). In Jurkat T leukemia cells, spreading on anti-CD3-coated
surfaces forms a well-organized F-actin ring at early time points,
and this ring appears to break up after a contractile phase (Bun-
nell et al., 2001). These studies suggest that the initial contact
expansion is mediated by F-actin-driven protrusion, which then
shifts to a more dynamic extension-retraction process during
sustained signaling. In fact, the pivoting process observed with
solid-phase MHC-peptide complexes suggests that the stop
was based on loss of persistent polarity. What could accountfor the ability of cells to rapidly transition from migration to
arrest?
Quantitative analysis of TCR dynamics and cell spreading
provided insight into how the stable and dynamic characteristics
of the synapse are reconciled. Observations of contact areas on
planar bilayers via total internal reflection fluorescence micros-
copy (TIRFM) reveal that the dSMAC is a radial lamellipodium.
First, TCRs in cells form synapses over a period of 30 min, and
even after cSMAC formation, submicron TCR clusters continue
to form in the periphery (Varma et al., 2006). These small TCRmi-
croclusters forming later during stimulation are invisible to wide-
field imaging on bilayers or cell-cell systems. In fact, the
continual formation of small microclusters to sustain signaling
has only recently been observed in cell-cell systems, through
a combination of laser tweezers and spinning-disk confocal
microscopy (Oddos et al., 2008). This sustained movement of
small TCR clusters suggested that some centripetal F-actin
flow continued in the stable synapse.
How can one define a lamellipodium quantitatively? The
Sheetz and Wiggins labs developed methods based on loading
cells with a fluorescent dye that fills the cytoplasm and then
using TIRFM to image the dynamic footprints of the cell (Sims
et al., 2007). Edge-tracking algorithms quantify the advances
and retraction of the edges and modify this to compensate for
rapid movement of lymphocytes forming kinapses. These data
can then be subjected to graphic and correlation analysis for
comparison of the contact-area dynamics between cell types
(Dobereiner et al., 2006; Sims et al., 2007). Our collaborative
studies revealed that the outer edge of the immunological
synapse displayed an evolutionarily conserved dynamic pattern
of movement, referred to as contractile oscillations (Figure 1).
This is thought to emerge from cycles of F-actin polymerization
and myosin II-dependent contraction that periodically pull the
membrane protrusion up and back. This is an excellent way of
testing the mechanical properties of the surface on which cells
are interacting. This protrusion and retraction cycle then propa-
gates as a wave around the entire periphery of the cell. These
experiments provided strong quantitative evidence that the
periphery of primarymouse T cells forming synapses or kinapses
on planar bilayers with MHC-peptide complexes ICAM-1 and
CD80 form a radial lamellipodium. More recently, the Vale lab
and my lab used speckle microscopy to explicitly demonstrate
centripetal actin flow in the dSMAC and pSMAC regions (Kai-
zuka et al., 2007). This F-actin flow is a consequence of the poly-
merization of F-actin at the protruding edge, which is pushed
backward because the outer edge advances more slowly than
actin is added to the growing filament ends. TCR microclusters
are transported at about 40% of the speed of the F-actin in the
lamellipodium. This suggests that the microclusters bind and
dissociate from the actin network. This notion is also supported
by studies using nanofabrication methods to show that TCR
clusters can navigate around barriers placed in planar bilayers
(DeMond et al., 2008). The ability to move around the barriers
appears to depend upon periods of transport punctuated by
diffusive movement, which allows the microcluster to make
progress around diagonal barriers. TCR microcluster transport,
contractile oscillations, and centripetal F-actin flow support the
model that immunological synapses are based on maintenance
of a radially symmetrical lamellipodium—the same structure thatImmunity 30, April 17, 2009 ª2009 Elsevier Inc. 485
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dSMAC was reported as having a high concentration of both
CD4 and CD45, but TIRFM imaging of these structures on bila-
yers does not consistently show this. It is likely that the impres-
sion of increased CD4 or CD45 in wide-field imaging is based on
the lamellipodium having two plasma membrane layers sepa-
rated by only 100–200 nm of cytoplasm and thus appearing
twice as bright as surrounding single-membrane layers in the
pSMAC. In fact, by TIRFM, CD45 appears relatively uniform in
the synapse except for discrete areas of exclusion around TCR
microclusters (Varma et al., 2006). Thus, dSMAC is immunolog-
ical shorthand for a radial lamellipodium.
The pSMAC must also maintain radial symmetry to have a
stable synapse, because this structure contains most of the in-
tegrins that generate traction for movement (Sims et al., 2007).
If the symmetry of the pSMAC is broken, then the cell will
migrate, even if a radially symmetrical dSMAC appears to be
maintained. The precise mechanism by which symmetry is es-
tablished or broken is poorly understood. We know that on the
supported planar-bilayer system, WASP is required for mainte-
nance of a stable synapse and PKC-q contributes to symmetry
breaking (Sims et al., 2007). Symmetry breaking in the contact
plane leads to polarity, and in a migrating cell, this process is
based on two opposing actin-myosin networks: the lamellipo-
dium, dominated by Rac and a high F-actin:myosin II ratio, and
the uropod, dominated by Rho and a low F-actin:myosin II ratio
(Xu et al., 2003). Thus, we have speculated that myosin II may be
a target in symmetry breaking. PKC-q phosphorylates WASP in-
teracting protein (WIP) and regulates its interaction with myosin II
(Krzewski et al., 2006). WASP also interacts with this complex.
One hypothesis is that myosin II activation via WIP phosphoryla-
tion leads to contraction of the pSMAC actin network, leading to
local thinning and breakdown, whereasWASPmay either antag-
onize this myosin II activation or induce ventral actin polymeriza-
tion to repair the pSMAC and restore symmetry after it has been
broken. PKC-q-mediated synapsebreaking seems like a negative
feedback loop,because theothermajor activityofPKC-q in T cells
is activation of NFkB and other transcription factors. Thus, the
functional consequences of synapse stabilization as a result of
PKC-q inhibition can be studied only in pre-armed effector cells,
which do not need to activate transcription for function (Beal
et al., 2008).
Dynamic Signaling in Microclusters
The cSMAC was initially shown to contain PKC-q and Lck, two
kinases that are important for T cell activation (Monks et al.,
1998). This suggested that the cSMAC might be involved in sus-
tained signaling. Our early studies on planar bilayers demon-
strated that TCR signaling was initiated before the cSMAC was
formed, on the basis of cytoplasmic Ca2+ elevation at a time
point when TCR-MHC-peptide interactions were focused in the
periphery (Grakoui et al., 1999). This was more explicitly demon-
strated with a specific phopho-Lck antibody, which revealed
early TCR signaling in the periphery of the nascent synapse,
but not at the cSMAC. This led to the suggestion that the cSMAC
might be involved in signal termination (Lee et al., 2003).
Computer models suggested that signals in response to weaker
ligandsmight survive in the cSMAC because of a less aggressive
attack by ubiquitin ligases. As discussed below, this preserva-486 Immunity 30, April 17, 2009 ª2009 Elsevier Inc.tion of signaling in the cSMACmay also depend upon a reorgani-
zation of F-actin to fill in the normally F-actin-depleted central
area (Cemerski et al., 2008; Lee et al., 2003). The enigma of
peripheral signaling in the immunological synapse was that
TCR was not clearly associated with the signaling. This issue
was resolved with TIRFM, which greatly increased the contrast
of imaging of the cell-planar bilayer interface, as described
above, leading to the discovery of the TCR microclusters that
formed continuously in the dSMAC and moved through the
pSMAC, each microcluster reaching the cSMAC in 2 min.
The movement of the microcluster was interesting for what it
said about actin dynamics, but the signaling behavior was
even more interesting. Varma repeated the Valittuti experiment
of blocking signaling with anti-MHC while observing TCR micro-
clusters and the cSMAC. He found that the TCR microclusters
stopped forming and that the last microclusters reached the
cSMAC about 2 min after addition of the antibody, the exact
time course with which Ca2+ signaling was eliminated (Varma
et al., 2006). Thus, the cSMAC was unable to sustain TCR
signaling beyond the 2min lifetime of themicroclusters, although
cSMAC interactions persisted for many minutes. These experi-
ments implicated TCR microclusters in signaling by way of
kinetics and complemented experiments that were performed
subsequently, demonstrating colocalization of TCR microclus-
ters with signaling molecules, including ZAP-70, LAT, and
SLP-76 in live cells and activated ZAP-70, LAT, and Lck in fixed
cells (Campi et al., 2005; Yokosuka et al., 2005). The movement
of these microclusters was a clue to the cellular context of the
activation process.
How does the Jurkat T cell line model use of solid-phase anti-
CD3 relate to work in primary cells with bona fide MHC-peptide
ligands? Signaling of T cells in response to anti-CD33 is not
blocked by depolymerizatin of F-actin (Valitutti et al., 1995a).
Similarly, knockdown of the WAVE2 complex completely elimi-
nates lamellipodial F-actin but doesn’t inhibit early T cell
signaling (Nolz et al., 2006). All but the largest TCRmicroclusters
formed with MHC-peptide ligands are dissolved by depolymer-
ization of F-actin (Varma et al., 2006). Nonetheless, the
spreading of Jurkat cells on surfaces coated by anti-CD33 is
accompanied by the formation of a dramatic lamellipodial
F-actin ring (Bunnell et al., 2001) and the formation of many
discrete TCR microclusters throughout the interface that require
F-actin to form in the normal manner (Bunnell et al., 2002). These
structures recruit ZAP-70 and SLP-76, and, interestingly, the
SLP-76 foci dissociate from the ZAP-70-rich TCR clusters and
stream toward the center of the interface, on the basis of
a mixture of F-actin- and microtubule-dependent transport
processes, and appear to engage in sustained signaling even
after internalization (Barr et al., 2006; Bunnell et al., 2006;
Nguyen et al., 2008). This behavior is strikingly similar to the
observedmovement ofMHC-peptide-based TCRmicroclusters,
which occurs in the plane of the plasma membrane in the
synapse (Varma et al., 2006). However, the anti-CD33-driven
TCR clusters become systematically F-actin independent after
formation (Douglass and Vale, 2005). The inclusion of b1 integrin
ligands, like fibronectin, on the surface with anti-CD33 results in
stabilization of the SLP-76 interaction with the TCR clusters and
also appears to dampen F-actin dynamics (Nguyen et al., 2008).
Integrin ligands generally enhance TCR signaling (Shimizu et al.,
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may be stabilization of TCR signaling complexes. There are
clearly differences between the polyvalent anti-CD33 interaction
with the TCR complex, which contains two copies of the CD33
chain (Call et al., 2002), and the monovalent interaction of MHC-
peptide ligands with TCR that changes requirements for sig-
naling. The transport process in the planar bilayers also creates
a very useful lateral segregation of TCR-based structures by age,
the earliest TCR microclusters in the periphery and the oldest
TCR clusters in the cSMAC. Recently, monovalent biotinylation
of anti-CD33 has created a means of achieving such tempero-
spatial segregation of TCR signaling complexes by attaching
anti-CD3 to planar bilayers with lipid-anchored ICAM-1, forming
classical synapses with Jurkat cells or polyclonal T cell popula-
tions (Kaizuka et al., 2007). This method has contributed to our
understanding of the synapse dynamics. We have two quite
different ways of studyingmicroclusters, appropriate for different
questions and with different degrees of difficulty. It is impossible
to say that one is better than the other at this point—it depends
upon the experiment. Further study of microclusters in T cell-DC
interfaces, using advanced confocal methodologies, extending
to in vivo approaches, will be needed for deeper drilling into
physiological T cell signaling (Oddos et al., 2008).
The relationship between TCR microclusters and F-actin
suggests that the TCR clusters are formed actively, rather
than by diffusion trapping by ligand alone. The formation of
TCR microclusters is F-actin dependent, whether the ligand is
a physiological MHC-peptide complex or a CD3 antibody (Bun-
nell et al., 2001; Campi et al., 2005; Douglass and Vale, 2005;
Varma et al., 2006). This also extends to signaling, because
depolymerization of actin in an established synapse results in
rapid cessation of signaling but does not disrupt larger TCR mi-
croclusters or the cSMAC (Varma et al., 2006). The synapse
contains a zone of F-actin depletion at the center, corresponding
to the cSMAC regardless of whether this structure is filled with
TCR (Kaizuka et al., 2007). When TCR clusters reach the actin-
free zone in the center, the signaling process appears to be termi-
nated. The mechanism of signal termination is not known, but it
may be as simple as the inability to amplify signals in the absence
of F-actin. It is not known how the TCR microclusters continue
to move to the center of the synapse when the F-actin conveyor
belt stops 1–2 mm from the center. This could be a diffusive
process, or it might involve some alternative transport system
that remains to be described. For example, the zone of F-actin
depletion is observed in cytotoxic T cell synapses and allows
close approach of the centrosome to the plasma membrane for
efficient directed secretion (Stinchcombe et al., 2006).
It is not clear why F-actin is so important for TCR signal trans-
duction, because anti-CD3 stimulation to Ca2+ mobilization and
cytokine production doesn’t require intact F-actin (Valitutti et al.,
1995a). Similarly, B cells require F-actin for the ability to recog-
nize ligands on a surface, but not to recognize aggregating
ligands in solution. Stimulation by surface-presented ligands
requires F-actin, Rap1, and CD19 (Depoil et al., 2008; Lin
et al., 2008). The model for stimulation of activation of BCR by
monovalent ligands in supported planar bilayers is based on
diffusion trapping of receptors and ligands in microdomains
with multiple BCR and ligands. This mode of clustering is prob-
ably driven by F-actin-dependent membrane fluctuations andadhesion, perhaps accounting for the role of F-actin in
enhancing B cell recognition of solid-phase ligands (Carrasco
et al., 2004; Tolar et al., 2008). For T cells, the F-actin require-
ment seems to involve forming microclusters and to then involve
formation of signaling complexes at the TCR clusters. This is
based on the observation that many TCR microclusters are
stable after F-actin depolymerization but signaling is still termi-
nated even though the receptor clusters persist. All antigen
receptors engage in signaling that activates actin polymerization
via the Rac and Cdc42 small G-proteins, leading to activation of
theWAVE2 complexes andWASP (Barda-Saad et al., 2005; Nolz
et al., 2006). In the absence of WAVE2, the lamellipodium at the
periphery of T cell contacts with anti-CD3-coated surfaces is lost
(Nolz et al., 2006). This does not alter the ability of these cells to
initiate early TCR signaling in response to solid-phase anti-CD3,
but more work is needed to determine whether this alters sensi-
tivity to MHC-peptide ligands as expected.
The recent focus on microclusters raises questions about
cSMAC-associated signals. Is the cSMAC just for signal termina-
tion, or is it a site of TCR or other relevant signaling? Is the
cSMAC even one compartment? Kupfer defined the cSMAC
on the basis of accumulation of TCR and PKC-q. Dynamic
studies using fluorescence recovery after photobleaching re-
vealed that TCR-MHC-peptide interactions are particularly
stable in the cSMAC (Grakoui et al., 1999) and that the TCR
microclusters that converge to form the cSMAC appear to fuse
together into one stable structure on planar bilayers (Varma
et al., 2006). When the T cell disengages from the stable synapse
and initiates migration, the TCR in the cSMAC is shed by the
T cell, leaving a residue of TCR-rich clusters on the planar
bilayer. Is this highly stabilized structure, in which TCR seem to
be shed or degraded, all there is to the cSMAC? Analysis of
CD28-CD80 interactions in the synapse suggests that there is a
second,more dynamic component to the cSMAC that is typically
not well resolved but represents a very distinct subcellular
compartment (Tseng et al., 2008; Yokosuka et al., 2008).
CD28-CD80 interactions colocalize with TCR-MHC-peptide
interactions in microclusters. When these mixed microclusters
reach the cSMAC, most of the TCRs are incorporated into
a stable central cluster (Table 1, cSMACa), but all of the CD28
remains in an intermediate compartment that is very dynamic
and appears to be critical for sustained PKC-q signaling (Table 1,
cSMACb) (Yokosuka et al., 2008). This annular structure sits at
the inside edge of the F-actin-rich lamella, and thus the small
amounts of TCR in this compartment may continue to signal
for maintenance the dynamic CD28-CD80 interactions. Similar
segregation of TCR and CD28 is observed in T cell-DC inter-
faces, although it was not possible to observe the precursor mi-
croclusters (Tseng et al., 2008). Blocking TCR signaling with anti-
MHC-peptide rapidly eliminated the bright CD28-CD80 foci,
consistent with a continual role for TCR signaling in maintaining
this component of the cSMAC. These studies demonstrate that
the cSMAC consists of two compartments: (1) one a stable
structure enriched in nonsignaling TCR destined for shedding
or degradation and (2) one a highly dynamic structure rich in
F-actin, CD28, and PKC-q (Table 1). These compartments are
difficult to resolve in cSMACs formed in cell-cell interfaces.
The mechanisms by which CD28 and TCR are segregated into
these two cSMAC compartments is not known.Immunity 30, April 17, 2009 ª2009 Elsevier Inc. 487
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The mechanism of TCR triggering has been an enduring
problem. The prevailingmodel has been based on TCRdimeriza-
tion or clustering as a triggering modality (Germain, 1997; Weiss
and Littman, 1994). This is largely based on models from
receptor tyrosine kinases and observations that antibody cross-
linking triggers signaling. However, the TCR complex is an
adaptor that recruits nonreceptor tyrosine kinase ZAP-70 to
ten docking sites, the immunotyrosine-based activation motifs
(ITAMs), in response to ligand binding (Au-Yeung et al., 2009).
With all of these docking sites, it is not clear that dimerizing
this receptor would increase its activity. Recent studies have
provided indirect evidence that monovalent ligands can trigger
TCR microclusters and signaling events without directly cross-
linking the receptor to form dimers (e.g., [Varma et al., 2006]). It
is interesting at this point to think about how the TCR would
sense such a monovalent engagement event. Recent data
from the BCR and TCR systems provide insights into accessi-
bility changes in cytoplasmic domains of the receptor during trig-
gering and provide raw material for a draft model that incorpo-
rates an early role for F-actin.
The BCR consists of the Ligand-binding transmembrane
immunoglobulin (sIg) and two noncovalently associated signal
transduction subunits, called Iga and Igb, each with one ITAM.
Insight into the structure of the BCR in the basal, nonsignaling
state was gained by fluorescence resonance energy transfer
(FRET) experiments. Transfection of BCR cell lines with
a FRET donor at the C terminus of sIg and a FRET acceptor on
the C terminus of Iga resulted in a high FRET efficiency prior to
triggering. Remarkably, triggering results in a rapid decrease in
the FRET signal, suggesting an ‘‘opening’’ of the complex (Tolar
et al., 2005). It is not known what conformational change causes
this decreased FRET. One interpretation is based on the model
that the ITAMs may interact with the membrane prior to trig-
gering, making the tyrosine inaccessible to kinases and prevent-
ing signaling (Aivazian and Stern, 2000). The interaction with the
membranewould confine the FRET acceptor associated with the
C terminus of the ITAM-bearing subunit to the membrane in
proximity to the FRET donor, kept close to the membrane by
the short sIg cytoplasmic domain. Triggering would then involve
dissociation of the ITAM from the membrane. A recent study
using live-cell FRET imaging and structure determination
supports the idea that ITAM displacement from the membrane
is a critical step in triggering (Xu et al., 2008). This study found
that each ITAM in the TCR has a positively charged motif on its
N-terminal side that interacts with acidic phospholipids in the
inner leaflet and facilitates the docking of both tyrosines in the
lipid bilayer, where they cannot be phosphorylated. The results
suggest that a change in the lipid environment to a more neutral
composition is needed for ITAM access by Src family kinases
(Douglass and Vale, 2005). How could a single MHC-peptide
complex change the lipid environment of the TCR?
Our understanding of the basal distribution of the TCR is
constrained by two seemingly contradictory results: evidence
for preclustering, from electron microscopy (Schamel et al.,
2005), and evidence for noncorrelated monomeric diffusion,
from fluorescence correlation spectroscopy (James et al.,
2007). Long-term tracking of Fce-receptor movements in the
context of actin bundles on rat basophilic leukemia cells shows488 Immunity 30, April 17, 2009 ª2009 Elsevier Inc.that receptors can be corralled by actin and diffuse indepen-
dently at the same time (Andrews et al., 2008). These results
suggest that the clusters seen in EM may be a result of transient
confinement on monomeric receptors. Basal fluctuations in TCR
density were observed as highly dynamic structures, similar in
size to microclusters but which could not be tracked from one
frame to the next (Varma et al., 2006). In order to maintain low
basal activity, the membrane domains in which the TCR moves
prior to ligand binding are likely to be highly acidic and fluid.
The lamellipodium is a relatively flat membrane region with
a dense mesh of branched actin filaments translocating away
from the leading edge (Svitkina et al., 1997). The mesh size of
the actin gel is relatively fine, with interstitial areas on the order
of 100 nm, ascertained on the basis of electron microscopy ana-
lysis of model lamellipodia (Svitkina et al., 1997). This F-actin
mesh is similar in scale to the lipid domains that have been iden-
tified in membranes as lipid rafts (Sharma et al., 2004). The
spatial distribution of acidic lipids like PS on the inner leaflet is
not known, but structural constrains suggest that liquid-ordered
domains should be enriched in neutral phosphatidylethanol-
amine (Brown and London, 2000). I would speculate that TCR
may be confined to approximately 10%of the plasmamembrane
composed of disordered, fluid-phase, and acidic lipids, which
are corralled by the mobile actin elements. In the basal state,
the TCR cannot be individually transported into less acidic
liquid-ordered domains (Figure 2). Clustering of the receptors
by serial ligand binding can stabilize the interaction with the
F-actin meshwork and create a sufficient force for overcoming
resistance to entry into less acidic domains, in which the ITAMs
are exposed in the presence of Src family kinases and with
depletion of CD45 together lead to triggering of the signaling
cascade (Figure 2). It is likely that the ‘‘lipid rafts’’ also anchored
to distinct cortical actin networks, and this actin may anchor
these domains against movement by the dendritic actin network
involved in the retrograde flow (Chichili and Rodgers, 2007). This
model invokes shearing action of the lamellipodial actin to
generate force for overcoming energetic barriers, similar to
recent models for the role of lateral mechanical forces in integrin
activation (Zhu et al., 2008).
The specific adapters that link TCR to F-actin are not well
described. The complex may include NCK, SLP-76, ADAP,
SKAP55, EVL, Vav, Rac, and Cdc42, and WASP certainly may
play a role once signaling is initiated (Barda-Saad et al., 2005;
Bubeck Wardenburg et al., 1998; Krause et al., 2000). It has
also been suggested that ZAP-70 may play a role, through
binding of ezrin (Ilani et al., 2007). It appears that TCR signaling
in microclusters ceases when the microcluster reaches the
actin-depleted cSMAC. Given that activated TCRs appear
equipped to generate their own dynamic actin focus, the
suppression of this mode of actin dymanics in the cSMAC is
likely to be active, rather than a passive dissipation of lamellar
actin. Less is known about the basal TCR-actin interactions
that might be available to stabilize a cluster early in the triggering
process. This is probably a complex situation. An example of the
potential complexity can be seen in interaction networks recently
compiled as the integrin adhesome (Zaidel-Bar et al., 2007).
Once the ITAMs are exposed, Src family kinases can then
initiate phosphorylation by diffusion into the same domain (Dou-
glass and Vale, 2005) (Figure 2). Exclusion of CD45 in the nascent
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allowing sufficient time for ZAP-70 recruitment (Varma et al.,
2006). This cluster may interact more strongly with LAT so that
ZAP-70 can phosphorylate LAT and Itk to initiate PLC-g recruit-
ment and initiation of Ca2+ signaling, PKC activation, and Ras-
GRP recruitment. Integrin microclusters will be interspersed
with the TCR microclusters. Integrin-dependent signaling will
generate additional diacylglycerol for RasGRP by activating
phospholipase D and phosphatidic acid phosphatase (Mor
et al., 2007). Electron micrographs of membrane sheets suggest
that immunoreceptor-rich and LAT-rich islands only partially mix
(Lillemeier et al., 2006; Wilson et al., 2001). The force needed to
induce island mixing may be generated by periodic myosin
II-based contraction. This may account for the role of myosin
IIA in the signal amplification from Lck, which is normally acti-
vated after myosin IIA knockdown, to ZAP-70 and LAT, which
are only weakly activated in myosin IIA knockdown T cells (Ilani
et al., 2009).
Where Is This Going?
The TCR-triggering process in microclusters and the method by
which this is sustained in a synapse have relevance to T cell deci-
sion making. T cell differentiation is controlled in large part by
Figure 2. Model for TCR Triggering Involving Translocation between
Membrane Domains with Different Levels of Acidic Lipids
The bulk plasma membrane is red (negatively charged), and this would main-
tain ITAMs buried in membrane (gray). The overlaying actin network of the
T cells is represented by an electron micrograph of lamellipodial actin (Svitkina
et al., 1997). In the absence of specific TCR ligands, the TCRs (gray stars) are
loosely corralled by actin network but diffuse independently within corrals and
cannot be forced to enter more neutral rafts, because this is unfavorable and
the actin cannot exert enough force on one TCR to prevent the TCR from jump-
ing out through hop diffusion (Kusumi et al., 2005). Monovalent MHC-peptide
agonists induce direct clustering of TCR and stronger linkage to actin, which
then produces enough force to move the TCR microcluster into a neutral
domain where CD45 is excluded and active Src can diffuse in to phosphorylate
the dissociated ITAM (green stars). This more neutral lipid domain, which itself
can be anchored to the cortical cytoskeleton, can be intermittently dragged
with the TCR microcluster so that signaling is sustained until the system
reaches the cSMAC.cytokines and small molecules from APCs. There are two inde-
pendent reports that propose distinct mechanisms for the
synapse to influence differentiation. One is the concentration
of interferon-g receptors in the synapse leading to increased
T helper 1 (Th1) cell development (Maldonado et al., 2004).
IL-4 counteracts this through Stat6 (Maldonado et al., 2004).
The other is the control of polarity networks leading to asym-
metric cell division for control of memory-effector decisions
(Chang et al., 2007; Ludford-Menting et al., 2005). A particular
challenge is in understanding how the microcluster-based
mechanism sustains signaling from small numbers of ligands
to drive differentiation. If each microcluster can sustain signaling
for 2 min, as the microclusters translocate from the periphery
to the cSMAC, how is signaling sustained with only ten
MHC-peptide complexes? An interesting observation is that
although the actin-depleted zone at the center of the synapse
is always present, the size of the cSMAC is linearly dependent
upon the MHC-peptide density, such that no TCR-rich cSMAC
is formed at the lower limit of MHC-peptide density. Under these
conditions, our model would posit that MHC-peptide ligands are
recycled expensively by long-term serial triggering at the
F-actin-rich cSMAC-pSMAC boundary. This fits with notions of
serial triggering initially proposed by Valittuti and Lanzavechia
(Valitutti et al., 1995b) but it would induce very little, if any, TCR
downregulation, because all receptors are needed for sensitive
recognition of rare MHC-peptide ligands. The links between
TCR signaling and polarity networks include Cdc42 and PKC-
z. Activation of Cdc42 has been extensively studied in T cells
as a result of interest in immunodeficiencies such as Wiscott-Al-
drich Syndrome. PKC-z can be activated in the Par3-Par6
complex by activation of Cdc42, but it is not clear what is meant
by the concentration of PKC-z in the distal pole complex, the part
of the T cell farthest from the synapse (Chang et al., 2007). The
polarity networks control the positioning of actin, microtubules,
and intermediate filament and spindles. The dynamic F-actin
networks and myosin II seem important at early stages of
signaling-complex assembly. The actin-myosin system is critical
for multiple stages of TCR triggering and sustained signaling. It
will be exciting in the future to determine in more detail how
the context of TCR signaling allows this process to shape differ-
entiation in parallel with powerful innate signals.
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